Artery remodeling, described as a change in artery structure, may be responsible for the 25 increased risk of cardiovascular disease with aging. Although the risk for stroke is 26 known to increase with age, relatively young animals have been used in most stroke 27 studies. Therefore, more information is needed on how aging alters the biomechanical 28 properties of cerebral arteries. Posterior cerebral arteries (PCAs) and parenchymal 29 arterioles (PAs) are important in controlling brain perfusion. We hypothesized that aged 30 (22-24 month old) C57bl/6 mice would have stiffer PCAs and PAs than young (3-5 31 month old) mice. The biomechanical properties of the PCAs and PAs were assessed by 32 pressure myography. Data are presented as mean ± SEM; young vs old. In the PCA, 33 older mice had increased outer (155.6 ± 3.2 vs 169.9 ± 3.2μm) and lumen (116.4 ± 3.6 34 vs 137.1 ± 4.7μm) diameters. Wall stress (375.6 ± 35.4 vs 504.7 ± 60.0 dynes/cm 2 ) and 35 artery stiffness (β-coefficient: 5.2 ± 0.3 vs 7.6 ± 0.9) were also increased. However, wall 36 strain (0.8 ± 0.1 vs 0.6 ± 0.1) was reduced with age. In the PAs from old mice, wall 37 thickness (3.9 ± 0.3 vs 5.1 ± 0.2 μm), and area (591.1 ± 95.4 vs 852.8 ± 100μm
Materials and Methods 117

Animal Model 118
All experimental protocols were approved by the Michigan State University Animal Care 119
and Use Committee and were performed in accordance with the American Physiological 120
Society's Guiding Principles in the Care and Use of Animals. Male C57Bl/6 mice 121 purchased from the National Institute of Aging at Charles River Laboratories were 122 housed on 12h: 12h light/dark cycle with food and water ad libitum. Mice were studied at 123 three-to five-months (young) and twenty-two to twenty-four-months (old) of age. For 124 pressure myography studies, mice were euthanized by CO 2 asphyxiation followed by 125 cervical dislocation and decapitation. 126
127
Telemetry 128
Blood pressure was measured by telemetry as described previously (62). Mice were 129 anesthetized with 3% isoflurane /1% oxygen for implantation of a catheter attached to a 130 radiotelemetery transmitter (Data Sciences International, St Paul, MN) in the abdominal 131 calculated using the formula "artery area -lumen area". The wall-to-lumen ratio, wall 163 stress, strain, and distensibility were calculated as described previously (4). Wall 164 stiffness was quantified using the β-coefficient calculated from the individual stress-165 strain curves using the model (y=ae βx ); y wall stress, x is wall strain, a is the intercept 166 and β is the slope of the exponential fit; a higher β-coefficient represents a stiffer vessel. 167
168
Immunofluorescence 169
Quantification of artery and capillary numbers in young and aged mice was performed 170 by immunofluorescence (IF) staining of the endothelial cell marker isolectin GS-IB 4 . 171
Mice were transcardially perfused with 100 mL of PSS containing 2.8mM calcium plus 172 1,000UI/mL heparin sodium salt, 10 (Olympus America Inc, Central Valley, PA). All images were acquired using the red 187 fluorescent dye Alexa Fluor 568 that has an excitation wavelength of 578nm and an 188 emission wavelength of 603nm. Sections without the isolectin served as negative 189 controls. For the quantification of the vessel density 3D volume reconstruction of the z-190 stacks were made. We rotated the 3D volume reconstruction to better visualize when a 191
vessel started and where it ended to make sure we were not counting the same vessel 192 twice. We also used a grid to make sure we were counting the vessel correctly and not 193 twice. We did not have software available to do the quantification of the vessels 194 therefore all the quantifications were done manually by the investigator using ImageJ 195 (46) . 196
197
Calcium and collagen staining 198
The Investigative Histology Laboratory at Michigan State University performed staining 199 for calcium and collagen in the cerebral arteries. Calcification of the intraparenchymal 200 arteries was assessed using the Von Kossa stain (33). Six random fields were acquired 201 to count the number of positive vessels that contained calcium deposits. Masson's 202
Trichrome stain was used to stain collagen in the cerebral arteries (7). Six fields were 203 acquired to quantify the amount of collagen deposition in the vessels. Images were 204 acquired using an Axioskop 40 (Carl Zeiss, GmbH, Gottingen, Germany) coupled to a 205 camera (AxioCam MRc5 Carl Zeiss Inc.) with the AxioVision Rel 4.6 software (Carl 206
Zeiss Imaging Solutions, GmbH, Gottingen, Germany). A blinded investigator analyzed 207
images. 208 209
Statistical Analyses 210
All data are presented as mean ± SEM. Body weight, blood pressure, calcium and 211 collagen deposition, and vessel quantification data were analyzed by Student's t-test. 212
For analysis of artery structure, two-way analysis of variance was utilized followed by 213
Bonferroni t-test for post-hoc comparison of the means. All statistical analyses were 214 performed using GraphPad Prism 6.0 software (GraphPad, San Diego, CA). In all cases 215 statistical significance was denoted by p<0.05. 216
217
Drugs and Chemicals 218
All drugs and chemicals were purchased from Sigma Aldrich (St. Louis, MO) unless 219 otherwise stated. 220
Results
221
Physiological Measures 222
Old mice were significantly heavier than the young mice (31.02 ± 1.57 vs 34.79 ± 1.09g; 223 young vs old). Blood pressure, measured by telemetry, showed that in our cohort of 224 mice, advanced age was associated with higher systolic, diastolic, mean and pulse 225 pressures ( Figures 1A-1D ). However, we observed no significant effect of age on heart 226 rate or activity ( Figure 1E, 1F) . The higher blood pressure in older mice resulted mainly 227 from substantial differences in blood pressure during the night-time when the animals 228 are most active ( Figure 2) . 229
232
Biomechanical properties of the posterior cerebral artery and penetrating arterioles 233
Older mice had increased PCA outer and lumen diameter ( Figure 3A, 3B ). Lumen 234 cross-sectional area was also larger in the old mice ( Figure 3C ). No significant 235 differences between young and old mice were observed in the wall thickness and cross-236 sectional area ( Figure 3D, 3E) . Older mice showed decreased wall-to-lumen ratio 237 ( Figure 3F ). The mechanical properties of the arteries differed with age. Wall stress was 238 higher in old mice ( Figure 4A ) while wall strain, distensibility, stress vs. strain were lower 239 in PCAs from old mice ( Figure 4B , 4C, 4D). 240
241
Aging was also associated with PA remodeling (Figures 5, 6 ). Wall thickness, cross-242 sectional area and wall-to-lumen ratio were larger in PAs from old mice compared to 243 young. No other significant differences in artery structure were observed. Older mice 244 had greater wall stiffness in the PCAs ( Figure 7A ) but not the PAs ( Figure 7B ). 245
246
We compared arterial stiffening between the PCA and PAs in young and old mice 247 separately. In the young mice, the PAs were stiffer than the PCAs ( Figure 7C ). No 248 differences in stiffness were observed between the PCAs and PAs from the old mice 249 ( Figure 7D) . 250
251
Calcium and collagen in the arterial wall 252
In a small cohort of mice, we observed that older mice did not have a significantly 253 greater number of cerebral arteries with increased calcium deposits in the wall (p=0.3)( Figure 8A ). However, as shown in the representative images, it appears that the 255 percentage of calcification in the individual cerebral arteries from old mice is greater 256 (Figure 8C,D) . Arteries from old mice had more collagen deposition ( Figure 9A ). 257
Representative images are shown ( Figure 9B,C, D) . 258
259
Artery and capillary density in the cerebral cortex 260
Artery and capillary density was quantified using the endothelial cell marker Isolectin IB-261 4. Two fields of the neocortex, one in each hemisphere, were acquired. In a small cohort 262 of mice, we observed that old mice had significantly fewer arteries and capillaries in the 263 cerebral cortex (Figure 10) . 264
Discussion 265
The novel finding of our study is that aging is associated with changes in the PAs also play an important role in determining the outcome of ischemia; however, these 272 arterioles have not been well characterized (9, 21, 43 ) and the effects of aging have not 273 been assessed. In the PCAs, aging was associated with an increase in the outer and 274 lumen diameter and a decrease in wall-to-lumen ratio. Aging was also associated with 275 increased wall stress and stiffness. However, wall strain and distensibility were 276 decreased with age in the PCAs. In the PAs, no changes in the size of the artery wereobserved but aging was associated with changes to the wall structure. The wall area, 278 wall thickness and wall-to-lumen ratio of the PAs were increased with age while wall 279 stress was reduced. 280
281
The increase in the lumen diameter of the PCA we observed with age could increase 282 cerebral blood flow and cause hyperemia. This could be compensated for by increased 283 myogenic tone. We did not measure myogenic tone in this study, but studies in aged 284 mice treated with angiotensin II show age, combined with hypertension, causes a loss 285 of myogenic tone and autoregulation in the MCA (52). Loss of myogenic tone in a large 286 artery such as the MCA increases the risk of rupture of the PAs with fluctuations in 287 blood pressure. In the PAs, the increased wall thickness without changes in wall stress 288 we observed could be a positive adaptation to protect these arterioles from rupture and 289 vascular damage. 290
291
One of the strengths of our study is the advanced age of the mice in the aged group. At 292 24 months old the mice used in this study were close to the end of their natural life-293 span; therefore these mice truly model the geriatric population. The use of telemetric 294 blood pressure recording in this study also is a strength because it is a more accurate 295 technique to measure blood pressure than tail-cuff plethysmography. We also avoided 296 the carotid catheterization approach used in many mouse telemetry studies because it 297 may artificially alter blood pressure by affecting baroreflex function. Our studies show 298 that mean arterial pressure and pulse pressure were increased with age. This is in 299 contrast to studies using tail-cuff plethysmography which suggest that aging does notaffect (52) or reduces (19) blood pressure. However, our studies are in agreement with 301 clinical studies showing that blood pressure increases with age (20, 40, 58, 55) . Pulse 302 pressure was markedly increased in the aged mice; this could lead to vascular cognitive 303 impairment (17, 32, 56) . 304
305
The higher day-night blood pressure ratio that we observed in older mice ( Figure 2 ) is 306 notable because this ratio is known to be an independent predictor of all-cause mortality 307 and cardiovascular events in humans even after adjustment for 24 hour average blood 308 pressure (11). A caveat to our study is that we do not know when blood pressure 309 became elevated in the aged mice because blood pressure was only measured at the 310 24-month time point. Age alters the ability of cerebral arteries to adapt to hypertension. 311
Cerebral arteries from young mice have the ability to functionally and structurally adapt 312 to hypertension (38, 52). However, the MCAs from 24 month old mice have an impaired 313 ability to respond to hypertension (51). Our studies show that age results in high blood 314 pressure. Therefore, it is possible that the ability of the PCA and PAs from old mice to 315 adapt to hypertension is impaired. It is also important to note that in our study we 316 observed outward remodeling which is the opposite of what we would expect with 317 hypertension (41). It should be noted that angiotensin II-induced hypertension is likely to 318 have a more rapid onset than an aging-associated blood pressure change; with a more 319 gradual increase in blood pressure the mechanisms of artery remodeling may be 320
different. 321
Our preliminary studies of a small cohort of mice suggest that the ageing process also 323 resulted in artery rarefaction, that is, a decrease in the vessel density in the brain. 324
Cerebral artery rarefaction has been observed in some models of hypertension (37, 49) 325 and aging (52). A reduction in the number of vessels in the brain could lead to chronic 326 hypoperfusion (28). We also show that aging increases pulse pressure and this has 327 been associated with artery rarefaction (50, 52). However, we do not know if the 328 changes in PCA and PA structure observed are a causative factor in the artery 329 rarefaction or if remodeling and rarefaction occur independent of each other. 330
331
We observed increased stiffness in the PCA but not in the PAs, suggesting that age 332 associated changes in stiffness are different in small arterioles and large cerebral 333 arteries. The increases in stiffness in the PCA could have been a result of higher mean 334 arterial pressure or pulse pressure in the older mice rather than aging per se. In rat 335 models of essential hypertension, the large cerebral arteries remodel first; this 336 presumably serves to protect the smaller downstream arteries from the increased 337 pressure (28). The small arteries remodel after a prolonged period of hypertension (28). 338
It is possible that the same pattern of remodeling occurs with aging and that the 339 cerebral artery remodeling we observed was a consequence of both aging and 340 increased blood pressure. Further studies will be required to determine if cerebral artery 341 stiffness in the aged mice is caused by aging itself or by increased blood pressure. 342
Increased arterial stiffness is a hallmark of artery dysfunction and an independentincrease artery stiffness(13). We observed an increase in stiffness of the PCA without 346 an increase in wall thickness suggesting that increased stiffness is the result of changes 347 in extracellular matrix composition. that in adult normotensive rats the amount of elastin in the PCA was reduced compared 356 to young rats but no changes in collagen were observed (29). Our findings suggest that 357 collagen deposition is increased with aging in the penetrating arterioles. The 358 discrepancy between these studies can be attributed to the age and strain of the 359 animals; Mandala et al. studied 11-12 month old Sprague Dawley rats, while we studied 360 mice that better represent the geriatric population (22-24 month old). The elastin 361 fragmentation that occurs with increased age is associated with increased expression of 362 the matrix metalloproteases (MMP) (18, 53, 57) . MMP-2 and -9 in particular have been 363 associated with elastin calcification (2, 3) . The ageing process also increases the 364 amount of calcium and phosphate in the wall (63, 64) . This is associated with the 365 calcification of the elastic fibers and could be contribute to artery wall stiffness. We 366 found that the amount of calcium in the wall and the number of arteries with calcium 367 deposits might be increased with ageing but our data did not reach statisticalsignificance. We recognize that these studies were underpowered (n=3) but the number 369 of aged mice was limited, therefore further studies will be required. 370
371
Liu et al. showed that aged mice have smaller infarct size after an ischemic stroke than 372 young mice (28). Interestingly, however, the functional impairments in old mice post-373 stroke were much worse. Post-stroke the cerebral arteries are maximally dilated such 374 that flow is proportional to the lumen diameter. Our studies showed that advancing age 375 is associated with increased lumen and artery cross-sectional area of the PCA. This 376 could be the cause of the smaller infarct observed in aged rats. The magnitude of the 377 increase between the outer and lumen diameter was different. The change with aging 378 was greater for the outer diameter of the PCA and this is likely the cause of the increase 379 in artery stiffness. Wall thickness of the PCA was not changed with age but it was 380 increased in the PAs. This difference implies that missing protection from high 381 intralumenal pressure in pial arteries is associated with increased wall thickness of the 382 downstream arterioles. In the PAs, wall thickening with age is probably a result of 383 smooth muscle cell hypertrophy (30). Our results are consistent with previous findings 384
showing that in human conduit arteries such as the aorta, iliac arteries and carotid 385 arteries, aging is associated with increased lumen area and wall thickening (53). Our 386 studies also show that aged mice have higher wall cross sectional area in the PCA andold Fischer rats (19). However, in another study the distensibility of the MCA from 24 392 month old mice was not changed (50). The reduced distensibility we observed may be 393 also associated with alterations of the artery stiffness. 394
395
A limitation to our study is that we did not study the development of spontaneous 396 myogenic tone or endothelial dysfunction with age. However, it is known that aging is 397 associated with endothelial dysfunction in the basilar artery through a reactive oxygen 398 species dependent mechanism (34, 47). Aging also impairs the ability of the MCA to 399 generate tone in response to static (52) and pulsatile pressure (50). Another limitation 400 of our studies is that we did not assess the mechanism of artery remodeling; this is a 401 topic for future study. Possible mechanisms involve changes in the arrangement of the 402 smooth muscle cells, increases in the expression of MMPs such as MMP-2 and -9, and 403 elastin fragmentation. We did show that the cerebral arteries of aged mice have 404 increased collagen that could have an important role in the changes in the artery wall 405
observed. 406 407
In summary, aging is associated with structural changes that increase the wall stiffness 408 of the PCA and wall stress and wall thickness of the PAs; combined, these changes 409 could result in a dysregulation of cerebral blood flow that would increase the risk of 410 stroke and dementia. The vasculature is a potential therapeutic target for stroke and 411 potential neuroprotective or neurorestorative therapies need a functioning vasculature to 412 deliver the drug to the site of injury. Therefore, it is important to fully understand the 413 mechanisms of age associated cerebral artery remodeling to improve cerebrovascularhealth. For practical reasons all of our studies were conducted in male mice, therefore, 415 further studies should be conducted in female mice to evaluate sex differences. In future 416 studies we should assess if aging impairs vascular tone of the cerebral arteries and if 417 the age-associated changes in cerebral artery structure are caused by the increased 418 blood pressure or aging itself. 419 420
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